Passive sampling is a rapidly developing technology, which is widely used for the monitoring of pollutants in different environments. Passive sampling offers significant advantages over traditional grab sampling. In the present review, the authors summarize the current literature on the methods of passive sampling used in the environmental monitoring of polar or semi-polar compounds in aqueous matrices. Methods of calibrating, design and deployment of samplers are also discussed. A major focus of this review is the use of polar organic compound integrative samplers (POCIS) and their use in sampling and monitoring of pharmaceuticals and personal care products (PCPs) in both equilibrium and non-equilibrium conditions.
Introduction
Since its invention more than four decades ago, passive sampling has been widely used for the purpose of environmental monitoring in different media (e.g. soil, air, sediments and water). Despite its relatively long history (first use of passive sampling is reported in 1980s (Palmes and Gunnison 1973; Fowler 1982; Rose and Perkins 1982) ), passive sampling is still developing and there are numerous review articles on this topic. Historically, passive sampling based on the principle of diffusion dosimeters was used for monitoring toxic chemicals in workplaces (Palmes and Gunnison 1973) . Pine needles are one of the first "passive sampling devices", whose analysis is a well-established method for monitoring organic chemicals in the air (Kylin et al. 1994) . Some organisms may also serve as "passive samplers" in the aquatic environment. They are sometimes called biological "dosimeters" and can be used as an indicator of the level of contamination in the aquatic biosphere (Schilderman et al. 1999) .
The monitoring of trace levels of organic contaminants in water bodies is an ongoing challenge and has become possible only recently due to significant improvements in analytical techniques. Many of the environmental contaminants, often called 'emerging contaminants' , are polar or semi-polar compounds such as pharmaceuticals and personal care products (PCPs). Thus, the behaviour and fate of these pollutants in the environment can be very different from the previously studied persistent organic pollutants (e.g. polychlorinated biphenyl or polyaromatic hydrocarbons). Contaminant concentrations provide TWA concentrations, which is hardly achievable using active methods of sampling.
The first passive sampling of liquid media was used to monitor dissolved inorganic compounds in the surface water in an enclosed dialysis membrane (Benes and Steinnes 1974) . First use of semi-permeable membrane devices (SPMDs) for sampling organic compounds was reported in 1990s (Huckins et al. 1990 ). Since then, many passive sampling devices have been developed and many of them are currently available commercially. Designing of passive samplers and their application in environmental analysis are described in several reviews (Vrana et al. 2005; Kot-Wasik et al. 2007; Seethapathy et al. 2008; Zabiegala et al. 2010) . However, there are still very few publications on the use of passive sampling for determining pharmaceuticals and personal care products (see Fig. 1 ).
tions are also important factors that need to be considered for a proper interpretation of data.
Passive sampling mechanisms are fairly well described for non-polar compounds (e.g. polychlorinated biphenyls, polyaromatic hydrocarbons, pesticides) but the mechanisms involved in sampling polar compounds are not fully characterized in terms of modelling of the uptake rates and various other effects of environmental factors.
Passive Sampling Types of Passive Samplers
Passive sampling can be defined as any sampling technique based on the free flow of analytes from the sampled medium to a receiving phase in a sampling device, which results from a difference between the chemical potentials of the analyte in the two media under consideration (e.g. water and sorbent). The type of information obtained from passive sampling depends, to a large extent, on the regimes in which passive samplers operate during exposure in the field. There are two types of passive sampling devices, samplers in which target analytes dissolve (e.g. absorption) and those in which analytes are adsorbed (e.g. surface bonding); but the sampling process is very similar in both types of sampler. Once they are exposed to water, accumulation of analytes in the receiving phase occur by diffusion through a static layer of water in well-defined openings in the case of diffusion samplers, or by permeation through a porous or non-porous membrane in the case of permeation samplers. 1. The first type of sampler is also referred to as a partition sampler because it is based on partition theory. These samplers can achieve equilibrium between the sampler and the media if they are exposed for long enough. The material used in the partition passive sampler is selected in such a way that the test compounds dissolve in it much better than in water and therefore become highly concentrated and, as a result, are easier to measure. Partition samplers are often called hydrophobic samplers because they are generally used for non-polar compounds. Thus, these devices rely on the diffusion of the compounds to reach equilibrium between the sampler and the water. 2. The second type of sampler is known as an adsorption sampler. In this case, compounds bond very strongly to the adsorption material present in the sampler. Sorption capacity of the material in the sampler is usually very high, thus no equilibrium is reached. Samplers often bond polar compounds very strongly and are therefore frequently referred to as polar samplers or kinetic/sink samplers. Thus, these devices rely on diffusion and sorption to accumulate compounds in the sampler and remove and accumulate the compounds from water during the deployment period. In passive sampling, there are numerous variables that need to be considered (e.g. form of the analyte(s) of interest, duration of sampling, environmental parameters, chemical and physico-chemical properties of the analyte(s), medium or matrix to be sampled, type of measurement, whether quantitative or semi quantitative, cost and availability etc.). Moreover, there are often situations when a combination of passive samplers need to be deployed in order to obtain the relevant data. The physical deployment of passive samplers is simple but the sampling strategy involved can be more complicated and should therefore include correct assessment of the type of passive sampler or combination thereof; the exact location, time and durations of exposure and the analytical assessment. Knowledge of the type of pollution, its source, its potential fate in the environment together with the deployed analytical methods and their limita-The transport of target analytes from water to both types of passive sampler is diffusion-controlled, so that only freely dissolved substances are taken up or adsorbed and the variables in the uptake process for partition samplers are well known. The amount taken up by the partition sampler can therefore be used to calculate the concentration in the water phase. However, there are still a number of uncertain factors involved in the uptake process with regard to adsorption samplers and so there are also more uncertainties involved in the calculation of the concentration of analytes.
Whether a passive sampler is used in an equilibrium or non-equilibrium/kinetic mode also depends on: -The exposure time of the passive samplers -The concentration of target analytes -The partitioning properties of target analytes -The type of data that is to be obtained
Principles of Passive Sampling
Analytes in both types of samplers are trapped or retained in a suitable medium within the passive sampler, known as a reference or receiving phase. The receiving phase can be a solvent, chemical reagent or a porous adsorbent, which is exposed to the water phase during the sampling period. Dissolved analytes are not quantitatively extracted during the extraction process, but their adsorption or absorption generally follows the pattern shown in Fig. 2 . The kinetics of exchange between a passive sampler and the water phase can be described by a first-order, one-compartment mathematical model:
where C s (t) is the concentration of the target analyte in the sampler at exposure time t, C w is the concentration of the target analyte in the aqueous environment (TWAthe time-weighted average concentration of pollutant in the water phase), and k 1 and k 2 are the uptake and offload rate constants, respectively. Both main accumulation regimes, either kinetic or equilibrium, can be distinguished during the operation of the sampler in the field.
Equilibrium Passive Samplers
In equilibrium passive samplers, the exposure time is sufficiently long to establish thermodynamic equilibrium between the matrix (reference/receiving phase) and water. Equilibrium could be reached within seconds to months depending on the sampler, the compound and its concentration. The equation can be reduced to:
In this equation K is the phase-water partition coefficient. The basic conditions of the equilibrium sampling technique is a known response time, after which a stable concentration is reached, and sampler capacity, which must be kept well below that of the sample to avoid depletion during extraction. The device response time should be shorter than any fluctuation in the sampled/sampling environment so that many environmental stressors do not effect the results.
The sampling times of different passive samplers range from seconds to months. The results obtained from equilibrium samplers are comparable with those obtained by grab sampling and therefore the device is not suitable for the determination of TWA concentrations (Kot-Wasik et al. 2007 ). Equilibrium passive samplers are often referred to as biological "dosimeters" (e.g. mussels, fish), because they mimic the part of the animal body where bioaccumulation and bioconcentration occurs. Samplers contain a receiving phase in which the contaminants are trapped as in living organisms. Equilibrium samplers provide the information about the level of contamination in the monitored environment instead of quantitative information on the concentration of pollutants.
Commercial products available: -Regenerated-Cellulose Dialysis Membrane Samplers Passive samplers in equilibrium mode are used for monitoring DDT, Hg ions, chlorophenols, hexachlorobenzene, PCBs, anilines, pesticides, phenols, triclosan, PBDEs, biotoxins and PCDD/Fs (review in (Vrana et al. 2005; Kot-Wasik et al. 2007; Mills et al. 2007; Verreydt et al. 2010; Zabiegala et al. 2010; Lydy et al. 2014; Mills et al. 2014) . Kinetic Passive Samplers (Non-Equilibrium) Non-equilibrium/kinetic passive samplers do not reach equilibrium with the surrounding environment within the sampling period. Kinetic sampling permits the measurement of analyte concentrations over extended periods of time. In kinetic sampling, the rate of mass transfer to the receiving phase is linearly proportional to the difference between the chemical activity of the target analyte in the water phase and in the reference phase. The rate of desorption of target analyte from the receiving phase to water is negligible and during the period of exposure the initial rate of uptake of the sampler is linear. The equation can be reduced to:
where M S (t) is the mass of target analyte accumulated in the receiving phase after a certain exposure time (t) and R S is the proportionality constant -sampling rate. R S may be interpreted as the volume of water cleared of analyte per unit exposure time by the device. R S is usually not affected by C w (the time-weighted average pollutant concentration in water phase), but can vary with water flow or turbulence, temperature and biofouling.
Kinetic samplers are characterized by high capacity for contaminants of interest. The high capacity ensures the continuous sampling throughout the exposure period. These samplers provide the TWA concentrationsconcentration of target analytes in the sample matrix averaged over a known period of time.
Commercially available samplers: -Polar Organic Chemical Integrative Samplers (POCIS)
for VOCs -Semi-Permeable Membrane Devices (SPMDs) for lipophilic organic compounds -GORE™ Sorber Module -Passive In-Situ Concentration Extraction Sampler (PISCES) -Solid Phase Microextraction (SPME) -Membrane-enclosed Sorptive Coating Sampler (MESCO) Passive samplers in the kinetic mode have been recently used for monitoring DDT, endocrine disruptors, various pharmaceuticals, pesticides, personal care products, PAHs, PCBs, UV filters, plasticizers, organotin compounds etc. (review in Vrana et al. 2005; Kot-Wasik et al. 2007; Mills et al. 2007; Verreydt et al. 2010; Zabiegala et al. 2010; Harman et al. 2012; Amdany et al. 2014b; Lydy et al. 2014; Mills et al. 2014) .
Factors Affecting Passive Sampling
The sampling rate is an important issue when linear (kinetic) uptake passive samplers are used for field sampling. Temperature, rate of water flow, salinity, pH and biofouling as well as the properties (e.g. K ow ) of some analytes are known to affect uptake. However the sampling rate could be a-priori determined in the laboratory during calibration or predicted by empirical equations and many parameters may have an important influence on it (Ouyang et al. 2007; Seethapathy et al. 2008) .
Only analytes dissolved in the water can pass, by diffusion, the water boundary layer (WBL), which is generated due to the high viscosity at the surface of the sampler (Booij et al. 1998 ) and represents a rate-limiting step in the uptake into the receiving phase (except biofouling). The thickness of WBL is dependent on water flow or turbulence around the sampler and also depends on the type and properties of the membrane. These factors can significantly influence the rate of accumulation as is reported for non-polar samplers (Booij et al. 1998 ). After they cross the WBL analytes are transported across the membrane through the water-filled pores or via the polymer itself.
Finally, compounds are transferred to the sorbent material mainly via adsorption (polar substances) or absorption (non-polar substances). When water turbulence is high enough to make the resistance to mass transfer into the boundary layer negligible, transport through the membrane becomes the rate-limiting factor.
The influence of salinity and pH on R S is usually compound-specific and highly dependent on the various chemical groups present in the structure of the analyte. Increasing salinity increases the energy required for a solute's molecular cavity to form and increases the partitioning of neutral compounds toward non-aqueous phases. This is also called salting-out and it increases with the size and decreases with the polarity of the analyte (Endo et al. 2012) . Similarly, the pH will affect the R S depending on the type of analyte, especially for basic analytes (Li et al. 2011) . In several studies, very small effects of the water temperature is reported in the range of 5-25 °C (twofold or less) (Li et al. 2011) . Biofouling is the accumulation of microorganisms and various flora and fauna on wet surfaces, which may form a biofilm. For extended exposure (e.g. POCIS samplers), biofouling of the surface can influence the mass transfer by increasing the thickness of the barrier on the membrane and also by blocking the water-filled pores (Huckins et al. 2006) . The thickness of the biofilm varies from exposure to exposure and also between spots on the same membrane and the effect, is thus, difficult to predict. The problem of biofouling of the membrane can be reduced by using suitable membrane materials. POCIS samplers made of polyethersulphone slowly bleed anti-fouling solvent (e.g. hexane) during exposure and as a consequence are less affected by biofouling (Alvarez et al. 2004 ).
Calibration of Passive Samplers
There are several different calibration methods for determining the sampling rate (R S ) that vary in their level of complexity. Therefore, selecting the appropriate method depends on the research objective. Laboratory calibration is more often used than calibration in situ. However, calibration in the laboratory is a time-consuming procedure and it is impossible to encompass the wide range of environmental exposure conditions. Therefore a performance reference compound (PRC) is often used for calibration. The most often used calibration methods are: -Static renewal -exposure of samplers to a small volume of fortified water, refreshed periodically to minimize the decrease in analyte concentration. The mass of the absorbed analyte is measured at intervals (Alvarez et al. 2004 ). -Static depletion -exposure of samplers to single spiked (fortified) water and analysis of the analyte present in the water phase. Usually a high initial concentration is used and the depletion is monitored over several orders of magnitude (Bartelt-Hunt et al. 2011 ). -Flow-through systems -exposure of several samplers in a tank filled with fortified water, which is continuously supplied. Samplers are removed from the tank over time and sorbents are analyzed in order to assess analyte uptake (Vrana et al. 2006 ). -In situ calibration -measurement of sampling rate at the exact location where the sampling experiments are to be conducted. Deployed samplers are calibrated by comparing analyte accumulation with TWA concentration in water obtained from gram sampling (Harman et al. 2011 ). -PRC based system -PRC are organic compounds that are introduced into the receiving phase of the sampler before it is exposed. PRC allows assessment of whether analytes are in equilibrium or in the kinetic phase and an estimate of R S of the target analyte in situ as their dissipation shows isotropic kinetics analogous to analyte uptake (Booij et al. 1998 ).
Biomagnification
One of the major advantages of passive samplers used in equilibrium mode is that these devices can be used for determining biomagnification due to their similarities with biological systems (hydrophobic depots covered with a semi-permeable membrane). Thus the hydrophobic analytes are trapped in the receiving medium after the exposure of the device, as in living organisms. Sampling of indigenous or transplanted organisms (e.g. fish, microalgae, mussels) is an accepted practice in many programs focused on the monitoring of the aquatic environment (van der Oost et al. 2003) . Although no passive sampler is a perfect model for biological organisms and concentration levels obtained from living organisms and passive samplers differ, SPMD samplers are often used to model biomagnification (Yargicoglu and Reddy 2015) .
POCIS Application
The demand for the monitoring of polar substances in water in the past resulted in an increased interest among researches worldwide in elucidating the passive sampling processes occurring in POCIS. Latest reviews of Harman et al. and Morin et al. report on the performance of POCIS, in particular the calibration methods used from 1999 to 2012 (Harman et al. 2012; Morin et al. 2012 ). In the current review, the applications that focus on the passive sampling of pharmaceuticals and personal care products (PPCP) are from the middle of 2011 to 2015 (Table 1 ). The crucial issues of this sample processing, which is schematically demonstrated in Fig. 3 , are discussed and the main features of the traditional POCIS design and the new prototypes are also described. Target analytes and the sampling sites of interests are considered and new findings on the method of calibration are highlighted. Analytical aspects of sample extraction, chemical analysis and biological testing are also included. 
POCIS Design
The Polar Organic Chemical Integrative Samplers (POCIS) are designed to sample water-soluble organic chemicals from the aqueous environment. As mentioned above, this device relies on diffusion and adsorption to accumulate the analyte. The deployment time usually ranges between weeks and months.
POCIS typically consist of a sorbent, inserted between two microporous membranes that are assembled in a stainless steel housing (Fig. 4) . Both sorbent and microporous membrane can vary depending on the particular application. Laboratory-derived calibration data (i.e., data regarding the sampling rate) are only applicable to devices having common surface area-to-sorbent mass ratios, resulting in the necessity of a standardized configuration.
Two different configurations of POCIS are commonly used, each containing a different sorbent. A "Pesticides" (Jeffries et al. 2011) configuration (POCISPest) contains a mixture of three sorbent materials and is aimed at sampling pesticides, natural and synthetic hormones, wastewater-related chemicals and other water-soluble organic chemicals. The sorbent mixture consists of a tri-phasic mixture of a hydroxylated polystyrene-divinylbenzene resin (Isolute ENV+) and a carbonaceous adsorbent (Ambersorb 1500) dispersed in a styrene divinylbenzene copolymer (S-X3 Bio Beads) (Alvarez et al. 2004) . A "Pharmaceutical" configuration (POCISPharm) contains a single sorbent, usually Oasis HLB. Oasis HLB is designed for pharmaceutical sampling and is used in most studies of drug contaminants in aqueous environments since most of the classes of pharmaceuticals can be retained by a single sorbent. In comparison, there are limited advantages in using ion exchange sorbents in POCIS (Li et al. 2011 ). In some cases, both the receiving phases (HLB and triphasic) are deployed together to combine the advantages offered by the different mechanisms and so increase the chance of attracting more analytes (Cernoch et al. 2012; Jarosova et al. 2012; Liscio et al. 2014) . Kaserzon et al. 2014 recently used POCIS containing a polymeric reverse phase, the Strata-X™ , to study the kinetics of uptake of several ionizable and polar pesticides, pharmaceuticals and personal care products. Strata-X™ sorbent performed similarly to Chemcatcher™ (SDB-RPS) and are both suitable monitoring tools. The microporous membrane that covers the sorbent (Fig. 4) serves as a size-selective sieve (typically 0.1 µm pores) that prevents biofouling, but might result in an altered sampling rate. Alvarez et al. (2004) evaluated several commercially available membranes for their use in a hydrophilic integrative sampler. Polyethersulfone (PES) exhibited the best combination: high analyte uptake rates, minimal superficial biofouling and membrane durability, necessary for long-term integrative sampling of polar organic chemicals. PES membrane is also used in both of the commercially available POCIS configurations (Pharm and Pest) and is the most frequently used membrane. Indeed, membranes used in-house assembled samplers are well described in the literature. For instance, there are nylon membranes enabling the sampling of hydrophobic pollutants and with an improved rate of accumulation for other pollutants (Belles et al. 2014 ). An innovative approach was introduced by Chen et al. (Chen et al. 2012; Chen et al. 2013) , which used a gel-based layer instead of a membrane. Such diffusive gradients in thinfilms (DGT) samplers were originally used for the measurement of inorganic compounds and were shown to be relatively independent of the rate of water flow (Zhang and Davison 1995) . The new configuration initially enabled measurements of organic chemicals (o-DGT) in the laboratory (Chen et al. 2012 ). This method was later validated and used for the routine monitoring of various antibiotics in wastewater (Chen et al. 2013 ).
Target Analytes and Sampling Sites
The analytical processes used to assess hydrophobic compounds (Kow > 3) in aquatic environments are quite well characterized and the use of passive samplers (e.g. SPMD, LDPE, silicone rubber) for routine environmental monitoring is already a well-accepted procedure. POCIS can be considered as a complementary method because of the good affinity of this method for compounds with a log Kow < 4 (Alvarez et al. 2004) , which includes hydrophilic compounds such as pharmaceuticals, household and industrial products, hormones, herbicides and polar pesticides. Antibiotics and chemotherapeutics, antidepressants, anticonvulsants, steroid hormones, NSAIDs, antipyretics, antihistamines, β-blockers, illicit drugs, stimulants, insecticides, fragrances, surfactants, alkylphenol compounds are the most frequent classes of pharmaceuticals and personal care products discussed in the literature (Table 1) . Indeed, the correlation between exposure to humans/domestic animals and the abundance of these compounds in the water environment is obvious. Screening studies usually cover a wide range of chemicals in order to monitor local contamination and/or its seasonal changes. Vystavna et al. (2012; even compare the profiles obtained from two different regions with contrasting socio-economic conditions. In some cases, only a specific range of substances is included in the study. For instance, amphetamines were monitored in the sewage from an area suspected of illegal drug activities (Boles and Wells 2014) . Another two studies are on the removal of illicit drugs during the treatment of sewage . Alvarez et al. (2013) and Jeffries et al. (2011) address the analysis of steroid hormones in their studies, whereas Cernoch et al. (2012) analyse only sulfonamides. A number of POCIS studies are also coupled to bioassays, evaluating endocrine-disruptive potential or dioxine-like activities (Jeffries et al. 2011; Tapie et al. 2011; Alvarez et al. 2012; Jarosova et al. 2012; Alvarez et al. 2013; Jalova et al. 2013; Creusot et al. 2014) .
The inputs and outflows from wastewater treatment plants (WWTP) and the river upstream and downstream close to a WWTP, respectively, are common POCIS sampling sites. In some cases, specific regions are studied such as tropical waters (Bayen et al. 2014) , Mediterranean coastal waters (Munaron et al. 2012) or estuarine waters (Bayen et al. 2014; Shi et al. 2014) . POCIS are also deployed in agricultural watersheds (Jairnes-Correa et al. 2015) , areas of pharmaceutical industrial activity or hospital effluents (Bailly et al. 2013) , to investigate the degree of contamination by particular pollutants. Spiked water samples and laboratory tests are commonly used in studies on the kinetics of uptake of new micropollutants and evaluation of various physical effects on the sampler or the characterization of the innovative features of future POCIS (Li et al. 2011; Carlson et al. 2013; Morin et al. 2013; Belles et al. 2014; Kaserzon et al. 2014) . These approaches often include a range of analytes with different physical-chemical properties (basic, acidic, phenolic and neutral) which provide a better insight into the new samplers' efficiency for monitoring various analytes.
Calibration, Sampling Rates and Performance of a Reference Standard (PRC)
It is difficult to obtain reliable information on the kinetics of uptake of polar compounds and the effects of environmental factors (e.g. temperature, turbulence and biofouling). Determination of sampling rate is not straightforward as it takes a lot of time to obtain reliable sampling rate values (R S ). A standard calibration procedure is still lacking and different approaches often involve the use of original laboratory devices, which results in variability in the determined R S values. Even though it is also virtually impossible to consider all the factors operating in the field, laboratory calibration is still the most popular method for evaluating R S (Bartelt-Hunt et al. 2011; Li et al. 2011; Miege et al. 2012; Morin et al. 2013; Vallejo et al. 2013; Amdany et al. 2014a; Bayen et al. 2014; Belles et al. 2014; Di Carro et al. 2014; Kaserzon et al. 2014) . In situ calibration, at specific sites is more reliable but so far has rarely been used (Harman et al. 2011; Jacquet et al. 2012; Miege et al. 2012; Shi et al. 2014 ) because of the complexity of the process. Shi et al. (2014) compare both field and laboratory sampling rates for assessing ATB and endocrine disruptive compounds in estuarine waters. In this case, the field sampling rates were significantly higher for most of the compounds studied. Miege et al. (2012) compare in situ, laboratory and existing literature values. The differences in R S values are ascribed to differences in the POCIS, temperature, turbulence or exposed surface area. These authors also report that the R S values (in situ calibration) tend to be lower in WWTP effluents, which are characterized by a higher conductivity, higher concentrations of particulate suspended matter and dissolved organic carbon. It should be noted, however, that some screening studies use previously reported R S values. To date, comprehensive reviews (Harman et al. 2012; Morin et al. 2012 ) of the R S values of polar compounds provide supporting material. The use of a performance reference standard (PRC), which can eliminate the influence of environmental factors (already established for hydrophobic samplers), is still limited for hydrophilic compounds. Since Mazzella et al. (2010) proposed deuterated deisopropyl-atrazine-d5 (DIA d5) as an appropriate PRC for polar herbicide sampling, other compounds have been tested Miege et al. 2012; Vallejo et al. 2013; Belles et al. 2014) . Several deuterated hormones and β-blockers are also suggested by Jacquet et al. 2012 . Of a variety of hormone and β-blockers tested by Miege et al. (2012) only deuterated atenonol appeared to be a good potential PRC. Two other deuterated compounds ([ 2 H 3 ]-E2 and [ 2 H 4 ]-EQ) were successfully used by Vallejo et al. (2013) .
Extraction and Analytical Techniques
Extraction of the analyte from a receiving phase after in-field exposure is the next step in the sample processing and the method may vary depending on the sorbent used and the character of the analyte. Methanol (MeOH) is usually used for the extraction when POCISPharm is used. Other extraction media, e.g. ACN (Amdany et al. 2014a) , acetone (Tanwar et al. 2015) , MeOH/water (Bailly et al. 2013; Creusot et al. 2014) or MeOH/dichloromethane (Vystavna et al. 2012; Creusot et al. 2013; Morin et al. 2013; Vystavna et al. 2013 ) are also suitable. Some authors adjust the pH in order to improve the extraction (Harman et al. 2011; Cernoch et al. 2012; Bayen et al. 2014; Shi et al. 2014) . Fixed ratio of solvents (dichloromethane: MeOH: toluene, 8:1:1) is common for POCISPest sorbent extraction. Kaserzon et al. (2014) describe a procedure for extraction of Strata-X™ sorbent using MeOH, acetonitrile and acetone. POCIS containing MCX and MAX sorbents can be eluted using MeOH with an addition of 5% ammonium hydroxide and 2% formic acid, respectively (Li et al. 2011) . A study dealing with the stability of pharmaceuticals and other polar organic compounds stored in POCIS and solid phase cartridges indicates they remain relatively stable and suitable for expost analysis for 20 months when stored at -20 °C (Carlson et al. 2013) .
Liquid chromatography is the method of choice in the majority of the studies surveyed and gas chromatography in cases dealing with steroid hormones or alkylphenols because of their low solubility in water (Alvarez et al. 2013; Vallejo et al. 2013; Coes et al. 2014) . Tandem mass spectrometry is almost always mandatory since the detection of trace amounts of pollutant is required. With these analytical approaches, concentrations of PPCPs in the field can be reliably determined within the range of ng l −1 or ng sampler −1 (Table 1) . LC with UV and fluorescence detection (FLD) was used by Amdany et al. (2014a) , whereas Cernoch et al. successfully used a POCIS in combination with an immunochemical ELISA technique for a semi-quantitative screening of sulfonamides, which gave similar results to the LC-MS (Cernoch et al. 2012 ).
Bioassays
The extracts from POCIS can be further used to assess the biological effects of water contaminants. A yeast estrogen screen (YES) is commonly used to evaluate estrogen in the environment JonesLepp et al. 2012; Alvarez et al. 2013 ), but is not suitable for accurately assessing estrogenic activity at lower concentrations (Alvarez et al. 2013) . In comparison, E-Screen and T47D-KBluc bioassays are more sensitive. Multi-receptor in vitro bioassays are often used to determine overall non-specific cytotoxicity, endocrine-disruptive potential and dioxin-like toxicity (Jeffries et al. 2011; Tapie et al. 2011; Jarosova et al. 2012; Jalova et al. 2013; Creusot et al. 2014) . Recombinant S. cerevisiae or MELN, MDA-kb2 and H4IIE-luc cell lines are the most commonly used. The extracts from SPMD Jalova et al. 2013) , LDPE, silicone strips (Liscio et al. 2014) or sediment samples subject to accelerated solvent extraction (Creusot et al. 2013) should also be measured in parallel in order to complete and compare the results of the biological testing of the POCIS extract, since they could contain different classes of compounds. For instance, the arylhydrocarbon-mediated potency in both SPMD and POCIS indicate that both hydrophobic and polar compounds contribute to the overall dioxin-like potential of samples (Jalova et al. 2013) . These authors also report that the cytotoxicity of wastewater is not correlated with the estrogenic or androgenic potencies, which are primarily caused by steroidal estrogens. The cytotoxicity of the POCIS extracts in the yeast assay is associated with antibiotics and other pharmaceuticals (Jalova et al. 2013 ).
Conclusions
Despite its relatively long history, passive sampling is an innovative monitoring tool, particularly in the context of monitoring environmental pollutants. The main benefits of passive sampling are the simplification of the overall sampling procedure, reductions in cost and solvent use and miniaturization. In addition, there are many factors that need to be considered when passive sampling is used in monitoring programs. Probably, the most important of these are the environmental conditions (flow, biofouling, temperature), which can strongly affect the accumulation of the target analyte in the sampler. Thus, in order to accurately determine the sampling rates for a wide range of new contaminants further detailed research is needed.
Passive sampling of pharmaceuticals in aquatic environments is most often used for the determination of time-weighted average concentrations or environmental screening. Though the concentrations differ for individual pharmaceutical and personal care products, the concentration usually remains within the range of ng up to µg per litter.
It would be of great value to use POCIS samplers for assessing and managing groundwater pollution. Moreover, the improvement of existing procedures and the search for new methods of passive sampling could, in the future, lead to the inclusion of additional substances into the monitoring programs and a lowering of the limits of detection.
